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IN RODUCT ION 
Solar c e l l s  w i t h  high base r e s i s i t i v i t i e s  have the potential ,  i f  prop- 
In the past however, e r ly  designed, of providing h i g h  radiation tolerance. 
radiationdamage studies have been largely limited t o  c e l l s  w i t h  base re- 
s i s i t i v i t i e s  of 20 ohm-centimeters o r  less.  
f o r  increased radiation resistance, we have determined the performance 
parameters after 1-MeV electron irradiation of n+ p p+ s i l icon solar 
c e l l s  o f  varying thicknesses w i t h  boron-doped p-base res i s i t iv i t ies+of  1250 
and 84 ohm-centimeters. 
the h i g h e r  r e s i s t i v i ty  c e l l s  approach the NIP condition. Because of the low 
majority ca r r i e r  concentration i n  the base, a s ignif icant  portion of the 
c e l l  i s  i n  h i g h  injection unde r  a i r  mass zero ( A M O )  illumination. Thus  high 
injection theory was used i n  analyzing the experimental data. 
Hence, because of the potential 
Although more appropriately described as n p p+, 
EX PER IMENTAL 
The pre-irradiation c e l l  character is t ics  are shown i n  table  I .  The 
c e l l s  were fabricated by Comsat under a program aimed, among other t h i n g s ,  
a t  demonstrating tha t  high-quality, thin-high-resisi t ivity cel Is could be 
made u s i n g  processing compatible w i t h  conventional practice ( r e f .  1). The 
c e l l s  were irr.adiated, a t  room temperature, by l-MeV electrons t o  a maximum 
f l  uence of l0ls per square centimeter. Normalized short-circuit  currents 
as a function of fluence are shown i n  f igures 1 and 2, while normalized open 
c i r cu i t  voltages are shown i n  f igures  3 and 4. 
ANALYSIS AND DISCUSSION 
From f igures  1 and 2, i t  i s  seen tha t  the degradation i n  short-circuit 
current i s  small f o r  the thinner c e l l s  i n  both r e s i s t i v i t i e s .  On the other 
hand, the highest degradation i n  
centimeter ce l l .  
the absence of conductivity modulation occurring i n  high-injection 
( r e f .  2) .  
c e l l s  which will be used i n  analyzing the complete c e l l  characterist ics.  
Is, occurs f o r  the thickest  1250 ohm- 
T h i s  phenomenon i s  associated w i t h  bulk r e s i s t i v i ty  and 
We are presently formulating a comprehensive theory of NIP solar  
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the absence of such a complete closed-form theory, we have limited our- 
selves ,  f o r  the present t o  consideration of the open-circuit  voltage. 
analysis i s  based on a theory which i s  valid for  b o t h  low and h i g h  inject ion 
(ref. 3 ) .  
where V J  and V J ~  are  the voltage developed across the f r o n t  and back 
junctions, respectively,  and VB i s  the voltage drop across the  c e l l  
base. 
' Our 
A schematic diagram of the c e l l  s t ruc ture  i s  shown i n  f i gu re  2 
For illumination from the  n+ s ide  (ref.  3) 
7 
kT ' sc V = - l n -  
J q  IO 
In equation ( 4 )  b = l.in/up where l.in and up are the  mobil i t ies  
of e lectrons and holes, respectively,  i n  the base region, np(o) and 
n,(w) are the  base minority c a r r i e r  concentrations a t  the front and back 
junctions, respectively,  and NAP i s  the  acceptor concentration i n  the 
base. 
7. Considering the  components of Voc, we note t h a t  V J ,  the f r o n t  
junction potent ia l  f o r  the 84 ohm-centimeter c e l l ,  i s  s ign i f icant ly  greater  
than t h a t  f o r  the 1250 ohm-centimeter c e l l .  Analysis based on equation ( 2 )  
indicates  t ha t  th is  d i f f e ren t i a l  is due predominantly t o  a lower value of 
Io the device sa tura t ion  current ,  f o r  the 84 ohm-centimeter c e l l .  
sidering 
times greater  f o r  the 1250 ohm-centimeter c e l l  than f o r  the lower res i s t iv -  
i t y  c e l l .  
t o  the decreased acceptor concentration i n  the 1250 ohm-centimeter c e l l .  
W i t h  respect t o  VB, i t  i s  noted from the f igures  t h a t  t h i s  component 
increases w i t h  fluence, contrary t o  what i s  observed f o r  the o ther  compo- 
nents. 
t i ons  show tha t  these concentrations change w i t h  fluence. 
t i on  ( 4 ) ,  a change i n  the minority c a r r i e r  d i s t r ibu t ion  w i t h  fluence i s  
responsible f o r  the observed r i s e  i n  
In computing the preceding voltage components, the base minority 
c a r r i e r  d i f f u s i o n  length was t reated a s  an adjustable parameter, t h u s  yield- 
i ng computed values of diffusion length. 
values a re  shown in t ab le  I1  where the high-injection values correspond t o  
the present AM0 data,  while the low-injection values were obtained using a 
low level X-ray exci ta t ion technique ( r e f .  4 ) .  
Typical results f o r  t he  voltage components are  shown i n  figures 6 and 
Con- 
VJB, i t  i s  noted t h a t  the rear  junction potent ia l  i s  several 
Analysis based on equation ( 3 )  shows t h a t  th i s  i s  d u e  primarily 
Computation of the base minority c a r r i e r  concentrations a t  the  junc- 
Hence, from equa- 
VB. 
The resul tant  pre-irradiation 
Also shown i n  the t ab le  are  
200 
d i f f u s i o n  l eng th  damage c o e f f i c i e n t s  KL 
low i n j e c t i o n  cond i t ions .  A thickness-dependent d i f f u s i o n  l eng th  i s  noted 
i n  h igh  i n j e c t i o n ,  w h i l e  t h e  d i f f u s i o n  lengths  f o r  low i n j e c t i o n  are  s i g n i f -  
i c a n t l y  smal le r  than those obta ined under h igh  i n j e c t i o n .  
damage c o e f f i c i e n t s  f o r  h igh  i n j e c t i o n  are lower than  those f o r  low i n j e c -  
t i o n .  
th ickness  dependence o f  t h e  d i f f u s i o n  length. On t h e  o the r  hand t h e  re la -  
t i v e  d i f f u s i o n  l e n g t h  values are  cons is ten t  w i t h  a s a t u r a t i o n  o f  recombina- 
t i o n  centers  under h i g h  i n j e c t i o n  cond i t ions .  
obtained f o r  bo th  t h e  h igh  and 
I n  add i t ion ,  the  
We are  a t  present  unable t o  g i v e  a cons is ten t  exp lanat ion  f o r  t h e  
CONCLUSION 
The present  resu l t s ,  obta ined f rom an ana lys i s  o f  open-c i rcu i t  v o l t -  
ages, show a much g rea te r  c o n t r i b u t i o n  t o  
than i s  t h e  case f o r  t he  lower  r e s i s i t i v i t y V ? :  < 20 ohm-centimeters) i n  
common use. 
cant  i n  determining t h e  c o n t r i b u t i o n  o f  
Voc. Although VB i s  small, i t s  value increases w i t h  inc reas ing  rad ia-  
t i o n  fluence. 
t h e  p side, t h e  s ign  o f  VB becomes p o s i t i v e ,  and Vg i t s e l f  becomes 
an a d d i t i v e  term t o  Voc. 
D i f f u s i o n  lengths  determined under h igh  i n j e c t i o n  cond i t i ons  are s ig-  
n i f  i c a n t l y  g rea te r  than those obta ined under l o w  i n j e c t i o n ,  w h i l e  damage 
c o e f f i c i e n t s  under low i n j e c t i o n  are  h igher  than these obta ined under h igh  
i n j e c t i o n  cond i t ions .  Al though a d d i t i o n a l  ana lys i s  i s  required, t h i s  r e s u l t  
appears t o  be cons is ten t  w i t h  a s a t u r a t i o n  o f  recombinat ion centers  under 
h i g h  i n j e c t i o n .  
f rom t h e  back j u n c t i o n  
The base m i n o r i t y  c a r r i e r  d i s t r i b u F i o n  i s  seen t o  be s i g n i f i -  
VB, t h e  base c o n t r i b u t i o n  t o  
I n  t h i s  connection, i t  i s  noted tha t ,  w i th  i l l u m i n a t i o n  from 
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20 1 
R e s i s t i v i t y ,  Thickness, Open- 
P¶ t, c i r c u i t  
ohm-cm m voltage, 
V if? 
1250 6 1  577 
1250 101 579 
1250 2 50 5 80 
85 56 589 
85 2 50 572 
Number 
o f  
c e l l  s 
2 
3 1 
Short- F i l l  E f f  i- 
c i r c u i t  factor ,  ciency, 
current ,  percent percent  
3i’ I 
128.9 74.8 10.3 
141.9 72.2 10.8 
146.8 69.9 10.9 
130.5 75.4 10.6 
152.5 70.2 11.2 
R e s i s t i v i t y ,  Thickness, 
P t, 
ohm-cm 
1250 6 1  
1250 10 1 
1250 2 50 
84 56 
84 ‘2 50 
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D i f f u s i o n  length, Damage c o e f f i c i e n t ,  
L, K1 
High Low High Low 
in jec-  i n jec -  i n jec -  i n jec -  
t i o n a  t i  onb t i o n a  t i o n b  
859 224 4x 10-12 -------- 
io 75 2 20 5. 2x10-l2 9x10’12 
1667 219 5. 7x10-l2 20x10-12 
6 10 130 8 . 4 ~ 1 0 - ~ ~  1 8 ~ 1 0 - ~ ~  
914 155 1 2 ~ 1 0 - ~ ~  40x 
NORMALI~ED SHORT-CIRCUIT CURRENT vs 1 MEV 
ELECTRON FLUENCE FOR 84 OHM-CM N'PP' CELLS 
1.0 
NORMALIZED 
CIRCUIT  
CURRENT .6 
SHORT- 
,4 
,2 
- - = =  
- 
250 NM 2' 
- 
- 
r r  I 1 I I  I -I-  
FIGUE 1 
1.0 
rYORMALIZED e8 
SHORT- 
C I RCU I T 
CURRENT .6 
NORMALIZED SHORT-CIRCUIT CURREiJT VS 1 MEV 
ELECTRON FLUENCE FOR 1250 OHM-CM N'P' CELLS 
- 
,2 Cr I 1 I 1  I I I 1  1 1 1 1  
1013 1014 1015 
1 MEV~ ELECTRON FLUENCE ( c M - ~ )  
FIWE 2 
20 3 
NORMALIZED OPEN-CIRCUIT VOLTAGE VS 1 MEV ELECTRON FLUENCE 
FOR 84 OHM-CM N'PP' CELLS 
1.0 
,9 
.a 
0 7  
NORMALIZED 
OPEN- 
CIRCUIT 
VOLTAGE 
- 
- 
- 
- -  
I I 1  I t I I  I 1 1 1 .  
ET ,OM n 
1.0 
0,9 
0.8 
0,7 
NORMAL1 ZED 
OPEN- 
CIRCUIT 
VOLTAGE 
- 
- 
- 
NORMALIZED OPEN-CIRCUIT VOLTAGE vs 1 MEV ELECTRON FLUENCE 
FOR 1250 OHM-CM N'P' CELLS 
.0,6 I G ! I I 1  I I I 1  I I I 1  
1013 1014 1 0 ~ 5  
1 MEV ELECTRON FLUENCE ( ~ ~ - 2 1  
FIGURE 4 
204 
500 
400 
I 
I 
0 
W X  
I I 
I I 
I I 
W R 
FIGURE 5 
COMPONENTS OF OPEN-CIRCUIT VOLTAGE 
+ +  FOX iJ PP CELLS 1250 n-CM, 250 vM THICK 
80 
60 
40 
300 
1 MEV ELECTRON FLUENCE ( c M - ~ )  
0 
FIGURE 6 
205 
400 
COMPONENTS OF OPEN-CIRCUIT VOLTAGE 
FOR #+PP+ CELLS 84 Q-CM, 250 PM THICK 
500 
80 
60 
40 
20 VJB, VB 
(Mv) 
0 
206 
